This review discusses the heavy-fermion superconductivity in Ce-and U-based compounds crystallizing in the bodycentered tetragonal ThCr 2 Si 2 structure. Special attention will be paid to the theoretical background of these systems which are located close to a magnetic instability.
Introduction
Unconventional superconductivity most commonly occurs in the vicinity of magnetic order. It is to be contrasted with BCS superconductivity, which is driven by electron-phonon interactions and to which magnetism is detrimental. 1 The magnetism in these unconventional superconductors signals the importance of electron-electron repulsion, which gives rise to several related effects. In addition to magnetic order, the electron correlations promote the localization of charge carriers, and can give rise to unusual normal states. Heavy fermion superconductors represent prototype systems for the interplay between such correlation effects and unconventional superconductivity.
The microscopic physics of heavy fermion metals is described in terms of the competition between the Kondo effect and the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction of the f electrons. [2] [3] [4] [5] The competing interactions give rise to a variety of phases, including magnetic order and paramagnetic heavy Fermi liquid. Superconductivity usually occurs near the transition between the corresponding ground states.
The T = 0 transition between the competing ground states can be either of first order or continuous. In the latter case, the transition specifies a quantum critical point. 6, 7 The associated quantum fluctuations determine the behavior at low energies, giving rise to non-Fermi-liquid properties. 3, 4, 8, 9 Many heavyfermion materials have been shown to display such quantum critical behavior, which is typically revealed through thermodynamic and transport measurements. For instance, the electrical resisivity typically exhibits a power-law dependence on temperature with unusual exponents, ∆ρ = ρ(T ) − ρ 0 ∝ T n , n < 2 (in contrast to n = 2 for the Fermi-liquid behavior). This is illustrated by the schematic phase diagram, 10 Fig. 1a, for CeCu 2 (Si 1−x Ge x ) 2 . Here, the control parameter that tunes between the ground states is hydrostatic pressure (and hence the lattice density). Superconductivity shows up around the magnetic instability at p c1 where antiferromagnetic order is fully suppressed. Fig. 1a also contains a second dome of superconductivity near p c2 , which is connected with a first-order valence transition. This illustrates that the ground states involved in the transitions can go beyond magnetism. There are also cases where the underlying order remains mysterious, often termed "hidden" order.
In this article, we review the physical properties of the "122" heavy-fermion superconductors. At present, this family is formed by the Ce-based compounds, CePd 2 Si 2 , CeNi 2 Ge 2 , CeRh 2 Si 2 , CeCu 2 Ge 2 , and CeCu 2 Si 2 and the U-based hidden order compound URu 2 Si 2 . The 122 compounds crystallize in the body-centered tetragonal ThCr 2 Si 2 structure (space group I4/mmm ) shown in Fig. 1b . Within this structure the magnetic 4f ions occupy the corners and the center of the unit cell. Since the next-nearest neighbor distances of the 4f ions within the basal plane and from the corner to the center of the unit cell are almost identical, the interactions in these compounds are truly three-dimensional, in contrast to, e.g., the layered perovskite high-temperature cuprate superconductors. This lattice implies that magnetic frustration may exist in the 122 heavy-fermion systems. 11 CePd 2 Si 2 , CeRh 2 Si 2 and CeCu 2 Ge 2 are well-ordered antiferromagnets with Néel temperatures of several Kelvin, and magnetic order vanishes only upon applying a pressure p 1 GPa where superconductivity appears. In contrast, CeCu 2 Si 2 and CeNi 2 Ge 2 are located at or very close to a magnetic instability already at ambient conditions, and a subtle interplay between magnetism and superconductivity occurs. In general, superconductivity in the 122 compounds is observed only in a narrow range around the zero temperature transitions. However, although magnetic and valence instabilities are disconnected, they might be close enough to each other resulting in one extended superconducting regime as seen in both CeCu 2 Si 2 and CeCu 2 Ge 2 . The excited crystalline electric field (CEF) levels of all above mentioned compounds are well above 1 meV corresponding to ≈ 10 K. 12, 13 Therefore, their low-temperature magnetic behavior is entirely determined by the spin dynamics within the CEF ground state doublet of the cerium 4f moment. [14] [15] [16] 60 117 0.07 52 (1 0 0) 99 0.03 99 0 1.5 95, 96 ? Table I . Thermodynamic and transport properties of Ce-based "122" heavy-fermion superconductors and URu 2 Si 2 (T N (p = 0) and T K (p = 0): Néel temperature and Kondo temperature at ambient pressure; γ(p = 0, T → 0): Sommerfeld coefficient of the specific heat at ambient pressure for T → 0; Q and µ ord : propagation vector and ordered moment of the magnetic order; p c : critical hydrostatic pressure to fully suppress magnetic order; T c (p = p c ): superconducting transition temperature at p = p c ; n at p c : exponent in the temperature dependence of the electrical resistivity at p c , ∆ρ ∝ T n ). The precise meaning for multiple entries in the column 'propagation vector' for CeNi 2 Ge 2 and CeRh 2 Si 2 is given in the text. Displayed Kondo temperatures T K have been determined mainly by microscopic measurements (e.g., quasielastic neutron scattering).
I summarizes key properties of the relatively small number of Ce-based 122 heavy-fermion compounds and URu 2 Si 2 which become superconducting. We will discuss them in more detail in the following.
2. Superconductivity near magnetic quantum critical points: CePd 2 Si 2 and CeNi 2 Ge 2 CePd 2 Si 2 is one of the first compounds in which magnetically mediated superconductivity around a pressure-induced quantum critical point was suggested. 17, 18 It orders antiferromagnetically below T N ≈ 10.2 K in a simple commensurate structure with a propagation vector Q = (1/2 1/2 0). 14, 19 The ordering temperature is quite high, of the same size as the Kondo temperature (cf. Table I ). The ordered moment reaches a value of only 0.66 µ B 14, 19 corresponding to an enhanced specific heat coefficient γ ≈ 0.25 J/molK 2 . 19 As displayed in Fig. 2 (a) applying hydrostatic pressure successively reduces the antiferromagnetic order in CePd 2 Si 2 , and superconductivity appears in a narrow range around the critical pressure p c ≈ 2.8 GPa where magnetism is fully suppressed. 18 The superconducting transition temperature reaches a maximum value of T c = 0.43 K. The electrical resistivity displays clear non-Fermi-liquid behavior in the normal state above the superconducting dome around p c , i.e., ∆ρ ∝ T 1.2 over almost 2 decades in temperature as seen in the inset of Fig. 2(a) . The commensurate magnetic structure remains unchanged under pressure 20 as revealed by single crystal neutron diffraction up to 2.45 GPa, i.e., close to p c . According to these neutron scattering experiments the ordered moment decreases linearly with smaller Néel temperature which was taken as a strong support for an itinerant spin-density-wave scenario at the quantum critical point. 20 Among the Ce-based 122 compounds CeNi 2 Ge 2 takes a special role in the respect that this heavy-fermion compound
is not magnetically ordered, but is located already at ambient pressure near a magnetic instability of spin-density-wave type. 22 This vicinity to magnetic order is manifested by alloying experiments indicating that already a small amount of doping on the Ni site is sufficient to induce antiferromagnetic order. Via isoelectronic substitution antiferromagnetism appears in Ce(Ni 1−x Pd x ) 2 Ge 2 above a critical Pd concentration x ≈ 0.065 − 0.1, 23, 24 while lar behavior was observed even at the lowest temperatures [18] . The crossover temperature below which the resistivity shows a T 2 behavior increases proportionally to B 0.65
[ Fig. 4(a) ]. Note that a similar observation was recently made by Grosche et al. [19] . At the same temperatures, at which the resistivity behavior changes, both DCT T and aT T show strong deviations from the 2 ln T dependence; cf. arrows in Figs. 1(a) and 1(b). These crossover temperatures are pushed upwards with increasing field, similar to what was first reported for CeCu 62x Au x [4] . The DrT r 2 r 0 bT 1.5 dependence observed in several CeNi 2 Ge 2 samples with residual resistivities r 0 ranging between 1.5 and 3 mV cm [see, e.g., Fig. 2(a) ] is in accord with the prediction by the NAFFL theory [1] [2] [3] for the asymptotic behavior (at B 0) in a three-dimensional system. It characterizes a diverging quasiparticle-quasiparticle scattering cross section being proportional to aT DrT T 2~T 20.5 . In Fig. 4(b) , we show for all samples studied the slope a of the low-T straight lines in the Dr vs T 2 plots (cf. Fig. 3 ) as a func- corroborated in Fig. 1(b) by the maximum data for aT T at T 0.2 K. These a their shift to higher temperatures, induced b can be interpreted by a freezing out of t and long-range part of the spin-fluctuation thus, by establishing a FL state at low T , as Fig. 4 (a). (iii) In our B 0 results for t a corresponding change into a T 2 depende observed, though this is theoretically expec QCP. The resistivity results rather locate t very close to a QCP. In this case, a low-tem sition into a T 2 dependence was theoretica too [20] . Further on, if potential scattering is reduced and the anisotropy of the quasipa reinforced, an increase of the validity regim law is predicted in Ref. [20] : In a powertation of the data within a restricted temper this should manifest itself in an increase of exponent with increasing perfection of the results displayed in Fig. 2 
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Our key experimental results are summarized in Figs 2, 3. In the materials studied, the antiferromagnetic ordering temperature T N , at which there is a discontinuity in the gradient of the resistivity r (not shown), was found to decrease slowly and monotonically with increasing pressure, p. Over a wide region of the CePd 2 Si 2 phase diagram, T N is close to being linear in p, and extrapolation from this regime to absolute zero allows us to define an effective critical pressure p c of 28 kbar. In CeIn 3 , the variation of T N with p is more rapid, and we estimate p c to be 26 kbar. The behaviour of T N as it falls below 1 K has not been resolved in these studies.
In the case of CePd 2 Si 2 , the resistivity r does not exhibit the standard T 2 form expected of a Fermi liquid. Careful analysis shows that near p c it in fact varies as T 1.20.1 over nearly two decades in temperature down to the millikelvin range (Fig. 2, inset) . Below 500 mK and in a narrow region near p c , we observe an abrupt drop in r to below the detection limit, consistent with the occurrence of a superconducting transition, as discovered during our initial observations in September 1994 37, 38 . At a given pressure, this transition may be characterized by a temperature T c , at which r falls to 50% of its normal state value. The width of this transition grows markedly as the pressure is varied away from p c . We stress that experimentally, r is found to actually vanish only close to p c . By energizing a Nb-Ti coil placed in our pressure cell, it was established that the upper critical field B c2 varies as dB c2 ðp c Þ=dT 6 T=K near T c . This is a high rate of change for such a small value of T c -much higher than the expected figure for a conventional superconductor. However, it is the same order of magnitude as the value found in the heavy fermion superconductor CeCu 2 Si 2 (ref. 27 ). We note that in a traditional analysis, the slope of B c2 (T ) at T c implies a superconducting coherence length of 150 Å , a value which is below the value of l mfp that we estimate for our best samples. No superconductivity has been observed in specimens with residual resistivities above several Q cm, namely those with an estimated l mfp that is lower temperatures than the transitions observed is consistent with the occurrence of superco another cerium compound on the edge of lon order 40, 41 . We stress that in each material studied, both temperature dependence of the normal state r nature and existence of the superconducting tran to sample quality. In particular, the supercond appear only in samples with residual resistivities range, as expected in the case of anisotropic coherence lengths of the order of a few hundred
Magnetic interactions
The observed temperature-pressure phase di CePd 2 Superconductivity appears only in a narrow pressure range where the Néel temperature goes to zero. Inset: the normal-state resistivity along the a-axis varies as ρ ∝ T 1.2 over almost two decades in temperature. 18 (b) Electrical resistivity of CeNi 2 Ge 2 at low temperatures for three samples with different purities plotted as ρ vs. T n . 25 in Ce(Ni 1−x Cu x ) 2 Ge 2 long-range antiferromagnetism occurs for a Cu content x > 0.25. 16 In thermodynamic and transport properties CeNi 2 Ge 2 exhibits pronounced non-Fermi-liquid behavior, e.g., the electrical resistivity varies with temperature as ∆ρ ∝ T n , n = 1.1 − 1.5. 25, 26 The exponent n is lower for samples of higher purity as expected theoretically 27 and as shown in Fig. 2(b) where the electrical resistivity ρ is plotted versus T n . 25 The purer the samples, the larger are the deviations from Fermi-liquid behavior. While Pd-doped samples at the critical Pd concentration obey a square-root temperature dependence of the specific-heat coefficient γ = C/T , 28 i.e., C/T = γ 0 − aT 1/2 , non-Fermi-liquid behavior with a logarithmic divergence in C/T is present for pure CeNi 2 Ge 2 , 25 C/T ∝ ln T/T 0 . Moreover, in highest-purity CeNi 2 Ge 2 samples incipient superconductivity is found below T c ≈ 0.2 K. 25, 26, 29, 30 It is worth mentioning that in addition to the superconducting dome around the magnetic instability at ambient pressure a second extended superconducting regime has been observed in resistivity measurements at higher pressure between p ≈ 1.5 and 6.5 GPa with a maximum T c ≈ 0.4 K. 26, 30 Neutron scattering experiments on pure CeNi 2 Ge 2 so far have fo-cused on the magnetic response at ambient pressure. Incommensurate spin fluctuations have been detected with a wave vector Q 1 = (0.23 0.23 0.5) and a characteristic energy of 4 meV. 31 In addition, magnetic correlations occur at low temperatures at the commensurate wave vectors Q 2 = (1/2 1/2 0) and Q 3 = (0 0 3/4), 32 whose energy scale is quite small with 0.6 meV, as expected for a compound close to magnetic order.
Superconductivity near first order transitions:
CeRh 2 Si 2 and CeCu 2 Ge 2 CeRh 2 Si 2 exhibits antiferromagnetic order with a quite high Néel temperature T N = 36 K at ambient pressure, 33, 34 which has to be compared to a correspondingly high Kondo temperature T K 15, 35 (cf. Table I ). As revealed by powder neutron diffraction the antiferromagnetic structure is commensurate with a propagation vector Q 1 = (1/2 1/2 0) just below T N , followed by a second magnetically ordered phase for T < 25 K and characterized by an additional propagation vector
14 The ground state magnetic structure has been determined as a 4q structure with the two propagation vectors Q 1 and Q 2 . 36 In both phases the ordered magnetic moments of the two magnetic sublattices are aligned along [001] . Their magnitude attains µ ord ≈ 1.3 − 1.4 µ B at low temperatures, values quite close to the expected value for the CEF ground state doublet. Upon applying hydrostatic pressure the ordered magnetic moment and the Néel temperature T N of CeRh 2 Si 2 are successively suppressed, see inset of Fig. 3(a) . 36, 37 Despite the high ordering temperature of T N = 36 K only a moderate pressure p c ≈ 1.06 GPa is needed to fully suppress antiferromagnetism, and bulk superconductivity appears in a very narrow pressure range around the critical pressure p c . 36, 38, 39 The superconducting T c reaches a maximum at p c with T c ≈ 0.42 K. 40 It should be noted that antiferromagnetism vanishes in a first order phase transition at p c as recently proven by clear volume discontinuities in thermal expansion measurements under pressure around p c . 41, 42 Moreover, at the magnetic instability Fermi-liquid behavior is observed. For instance, the electrical resistivity displays Fermiliquid behavior even around p c with a ∆ρ = AT 2 temperature very large values of this ratio [3] . Neither of these effects are found in our measurements. Inspection of the data in Fig. 1 shows the absence of any significant temperature dependence of CmT at low temperatures. Therefore, we conclude that there is no evidence in these data for non-Fermi-liquid behavior. This conclusion is supported as well by our resistivity measurements (not shown) that give, for T # 10 K, r~T b with b 2.80 6 0.5 at All lines are just guides to the eyes. 37 (b) Pressure dependence of the de Haas-van Alphen (dHvA) frequencies in CeRh 2 Si 2 for magnetic field applied along the a axis. 43, 44 The data were taken at temperatures T = 102 − 160 mK.
ϭ 0.1) samples, the exponent reaches two minima ( Fig. 3C ) at p c1 (␣ Ϸ 1.35) and near ⌬p Ϸ 3.7 GPa, close to the pressure at which (T) becomes essentially linear (Fig. 2B) .
maximum of 0 , and (iv) a steep drop of electronic scattering ⌬ with further increasing pressure. These properties of the CeCu 2 (Si/ Ge) 2 system point toward a second transition in high-press slow down heavy fermio (17, 18) We obtained residual resistivity 0 and the exponent ␣ by fitting the power-law form ϭ 0 ϩ AT ␣ to the low-temperature, normal-state resistivity and checking for consistency against the logarithmic derivative dln( -0 )/dlnT. The power-law exponent ␣ shows a distinct minimum near ⌬p Ϸ 0 (inset) and a second minimum near ⌬p Ϸ 3.7 GPa, where the exponent approaches ␣ Ϸ 1 (Fig. 2B ). In the intervening region, the exponent attains a local maximum of ␣ Ϸ 1.5, that is, well below the Fermi-liquid value ␣ ϭ 2. We obtained residual resistivity 0 and the exponent ␣ by fitting the power-law form ϭ 0 ϩ AT ␣ to the low-temperature, normal-state resistivity and checking for consistency against the logarithmic derivative dln( -0 )/dlnT. The power-law exponent ␣ shows a distinct minimum near ⌬p Ϸ 0 (inset) and a second minimum near ⌬p Ϸ 3.7 GPa, where the exponent approaches ␣ Ϸ 1 (Fig. 2B ). In the intervening region, the exponent attains a local maximum of ␣ Ϸ 1.5, that is, well below the Fermi-liquid value ␣ ϭ 2. dependence. 39 However, the A coefficient of the electrical resistivity shows a pronounced maximum at the critical pressure p c . 40, 42 At the same time, the temperature-independent specific heat coefficient γ rises steeply from ambient pressure, where the mass enhancement is small (γ = 23 mJ/molK 2 ) up to p c where γ ≈ 80 J/molK 2 is found (cf. Fig. 3(a) ). 37 Beyond p c only a slight decrease in γ is observed. As displayed in Fig. 3(b) , de Haas-van Alphen measurements under pressure indicate an almost unchanged Fermi surface up to 1 GPa (some branches appear/disappear around 0.6 GPa due to a change in magnetic structure from the 4q to a single Q 1 structure), but point to a sudden change of the Fermi surface topology at p c . 43, 44 This abrupt change in the Fermi surface topology at p c is interpreted as a transition from localized 4f electrons at low pressure to itinerant 4f electrons above p c . CeCu 2 Ge 2 can be regarded as the well magnetically ordered sister compound to the heavy-fermion superconductor CeCu 2 Si 2 . Below the Néel temperature of T N = 4.15 K, CeCu 2 Ge 2 orders in an incommensurate magnetic structure with a wave vector Q = (0.28 0.28 0.54) and an ordered moment of roughly 1 µ B . 45, 46 With a Kondo temperature similar to the ordering temperature 47 and a low Sommerfeld coefficient of the specific heat 48 (see Table I ) CeCu 2 Ge 2 is believed to be a local-moment antiferromagnet. However, theoretical calculations indicate that a full local-moment picture cannot account for the observed incommensurate propagation vector, but a certain degree of itineracy is needed. 49 Under hydrostatic pressure magnetic order is suppressed discontinuously and superconductivity occurs. 50 At the critical pressure p c ≈ 9.4 GPa necessary to fully suppress antiferromagnetism the superconducting T c attains a value T c ≈ 0.6 K. 51 In contrast to other systems which exhibit a superconducting dome just around p c , the superconducting T c in CeCu 2 Ge 2 remains almost constant with further increasing pressure up to p ≈ 13 GPa, as seen in Fig. 4 . For even higher pressures T c shows a strong increase with a maximum of T c ≈ 2 K at p ≈ 16 GPa. Only beyond 16 GPa superconductivity is suppressed again. 51 At p c , i.e., at the first-order antiferromagnetic quantum phase transition, Fermi-liquid properties are found in the electrical resistivity, i.e., ∆ρ = AT n , n = 2 with just a broad maximum in A, while at higher pressure the temperature exponent n decreases and reaches almost n = 1 around p = 15 GPa.
Superconductivity in CeCu 2 Si 2
We now turn to an in-depth discussion of the superconducting properties of CeCu 2 Si 2 . As for CeNi 2 Ge 2 , CeCu 2 Si 2 is located already at ambient conditions at a magnetic instability, with the appearance of unconventional superconductivity around the quantum critical point. Thus, magnetically ordered and superconducting ground states are experimentally easily accessible either at ambient or very low hydrostatic pressures or by small Ge substitution on the Si site. CeCu 2 Si 2 was the first unconventional superconductor with T c ≈ 0.6 K, discovered in 1979. 52 Ten years later it was realized by NQR and µSR measurements [53] [54] [55] that a magnetically ordered state does exist in CeCu 2 Si 2 below T N ≈ 0.8 K. Since at that time no sufficiently large single crystals were available to perform neutron-scattering experiments, the nature of the magnetic order remained unidentified. From a tiny (0.5%) increase in the electrical resistivity below the magnetic ordering temperature 56 it was suggested that CeCu 2 Si 2 orders in a small moment spin-density wave, with the opening of a spin gap. The ground state in CeCu 2 Si 2 depends very sensitively on the actual composition within the narrow homogeneity range in which this tetragonal heavy-fermion compound forms. After detailed investigations with different compositions 57 it was concluded that slight Si excess leads to antiferromagnetic order (A-type), while in contrast Si deficiency or Cu excess results in purely superconducting samples (Stype). In samples crystallizing with the nominal 1 : 2 : 2 stoichiometry both superconductivity and antiferromagnetism are observed. In these A/S-type samples there is a first-order transition from the antiferromagnetic phase at higher temperature to superconductivity at lower temperature. The two orders exclude each other on a microscopic scale. 58 As already mentioned, CeCu 2 Si 2 can be easily tuned through the quantum critical point by external hydrostatic pressure as depicted in Fig. 1 . An initial magnetically ordered ground state is successively suppressed and superconductivity appears around the quantum critical point. The superconducting ground state extends to a pressure as high as 10 GPa and is not restricted to the close vicinity of the quantum critical point. Studying the normal state properties at the quantum critical point, i.e., when applying an overcritical magnetic field to suppress superconductivity, one observes in Stype CeCu 2 Si 2 non-Fermi-liquid behavior in the heat capacity and electrical resistivity, which is indicative of a threedimensional spin-density-wave type antiferromagnetic instability. This was inferred from the observation that the Sommerfeld coefficient of the heat capacity depends on temperature as C/T ∝ γ 0 − α √ T 59 and the electrical resistivity varies with temperature as ∆ρ ∝ T n , n = 1 . . . 1.5. 10, 59 A recent pressure study on an A/S-type CeCu 2 Si 2 single crystal 60 revealed a line of QCPs in the normal state, i.e., in the zerotemperature magnetic field -pressure plane. This line hits the superconducting phase boundary (upper critical field vs. pressure) where the latter exhibits its maximum. It can be extended into the superconducting state and, thus, demonstrates a close connection of magnetism and superconductivity.
Antiferromagnetic order
Initial neutron diffraction experiments were performed on powder samples due to the unavailability of sufficiently large single crystals at that time. Incommensurate antiferromagnetic order was detected in CeCu 2 (Si 1−x Ge x ) 2 for x ≥ 0.6. 46, 61, 62 Subsequent single crystal neutron diffraction experiments on CeCu 2 (Si 1−x Ge x ) 2 with lower Ge content down to x = 0.05 revealed that the magnetic structure is incommensurate for the whole doping series with a wave vector Q of the antiferromagnetic order (with respect to a nearby nuclear Bragg reflection) being close to Q = (0.25 0.25 0.5). [63] [64] [65] [66] [67] While the 65 Moreover, CeCu 2 (Si 1−x Ge x ) 2 with x > 0.25 exhibits spin-reorientation and lock-in transitions within the magnetically ordered state. At high temperatures just below the Néel temperature the propagation vector in CeCu 2 (Si 1−x Ge x ) 2 is slightly temperature dependent. However, at the lock-in transition, the magnetic structure changes through a first-order transition with a jump of the propagation vector to a fixed spin structure with no further change of the propagation vector towards lower temperatures. Here, the low-temperature phase in CeCu 2 (Si 0.55 Ge 0.45 ) 2 has been studied in detail with a combination of magnetic x-ray scattering and high-resolution elastic neutron scattering. 67 The measurements revealed that the magnetic structure breaks the body-centering of the crystallographic structure below the lock-in transition and is best described by two counterrotating cycloids. 67 At ambient pressure the ordered moment µ ord ≈ 0.5 µ B for CeCu 2 (Si 0.55 Ge 0.45 ) 2 is already substantially reduced compared to that of CeCu 2 Ge 2 . In general, the ordered moment and the Néel temperature in CeCu 2 (Si 1−x Ge x ) 2 decrease for lower Ge concentration towards CeCu 2 Si 2 .
The nature of the antiferromagnetic order in pure CeCu 2 Si 2 was determined to be an incommensurate spin-density wave. 65, [68] [69] [70] [71] Initial neutron diffraction experiments were performed on A-type CeCu 2 Si 2 68, 70 and later confirmed on an A/S-type single crystal. 71 As displayed in Fig. 5 (a) intensity maps of reciprocal space were recorded at different temperatures in order to search for magnetic superstructure peaks. Antiferromagnetic peaks are clearly visible at temperatures below T N ≈ 0.8 K but disappear above T N . Their incommensurate positions are described by a propagation vector Q = (0.215 0.215 0.530) at T = 0.05 K. 68 While at high temperature the propagation vector shows temperature dependence, the magnetic structure locks in to a structure with constant propagation vector below T = 0.3 − 0.35 K via a first order transition. The ordered magnetic moment is estimated to be µ ord ≈ 0.1 µ B assuming a similar structure as for the Ge substituted samples. Band-structure calculations using a renormalized band method yielded the Fermi surface of the heavy quasiparticles shown in Fig. 5(b) . 68 The strong corrugation gives rise to nesting with a wave vector τ being almost identical to the observed propagation vector Q of the mag- Si 2 results from an instability of the Fermi surface. This is inferred from Fig. 3(a) which displays the calculated static magnetic susceptibility 0 q of noninteracting quasiparticles as a function of the wave vector q. 0 q exhibits a pronounced maximum at the position of the observed propagation vector , which suggests that the normal Fermi liquid may become unstable with respect to the formation of a spin-density wave.
The magnetic susceptibility 0 q was evaluated adopting the Lindhard formula. The quasiparticle energies were determined from the renormalized band method [16] . This method which is essentially a one-parameter theory reproduces the Fermi surfaces and the highly anisotropic effective masses of heavy-fermion compounds quite well [17] . The ansatz starts from a standard ab initio band-structure calculation for the weakly correlated conduction states. The strong local correlations are included by choosing the f-phase shifts at the Ce sites according to
where the index m refers to the eigenstate jmi of the crystalline electric field (CEF) split J 5=2 spin-orbit multiplet. The corresponding energies fm f m , the band centers, are separated by an excitation energy m from the centers corresponding to the CEF ground state. netic order. In addition, the wave-vector dependent susceptibility, calculated for non-interacting quasiparticles, shows a maximum at the wave vector q = Q. When the Coulomb repulsion between the f-electrons is large but finite, we expect a strongly reduced but nonzero onsite component of the effective exchange interaction. When this U eff is combined with I q , given in Eq. (1) (see below, Sec. 6), there will be an RPAtype enhancement of the susceptibility of χ 0 (q, ω) to χ(q, ω) at q = Q. The nesting wave vector Q then specifies the ordering wave vector.
P H Y S I C A L R E V I E W L E T T E R S week ending
Competition between long-range antiferromagnetism and superconductivity Several experiments were devoted to studying the interplay between superconductivity and antiferromagnetic order. Neutron scattering measurements were performed on an A/Stype CeCu 2 Si 2 single crystal which shows a transition into the antiferromagnetically ordered state at T N ≈ 0.7 K and a superconducting phase below T c ≈ 0.55 K. Inside the antiferromagnetic phase magnetic order with the same propagation vector has been detected as for A-type samples, but the magnetic intensity has completely vanished in the superconducting phase. 71, 72 Hence, it can be concluded that long-range antiferromagnetism and superconductivity in CeCu 2 Si 2 exclude each other on a microscopic scale. Neutron scattering results together with µSR experiments provide evidence that the superconducting volume fraction increases on the expense of the antiferromagnetic volume when lowering the temperature through T c , without coexistence of both phenomena in the same volume. 58, 71 As mentioned before, the superconducting transition at T c in A/S-type CeCu 2 Si 2 has been confirmed to be first order. 58 Another set of neutron scattering experiments focussed on an A/S-type CeCu 2 Si 2 single crystal in which the antiferromagnetic and the superconducting transitions are almost degenerate, i.e., T N ≈ T c ≈ 0.7 K. 73 The neutron measurements again clearly indicate that also in this crystal magnetic order and superconductivity compete and exclude each other in the same volume. Instead, phase separation into superconducting and antiferromagnetic volumes is present.
The neutron experiments on A/S-type CeCu 2 Si 2 indicate that the same 4f electrons of cerium are involved in the antiferromagnetic order as well as in the unconventional superconducting state. The latter fact was already concluded from the first heat capacity measurements on CeCu 2 Si 2 which re- vealed a jump height in C/T at T c being comparable to the huge normal state value of C/T at T c .
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Superconducting state
The magnetic response in S-type CeCu 2 Si 2 was studied by high-resolution inelastic neutron scattering in the normal as well as the superconducting state. [74] [75] [76] In detail the momentum and energy dependence of the spin excitations were measured throughout the relevant part of the Brillouin zone around the antiferromagnetic wave vector Q. The aim of the measurements was twofold: first, to characterize the magnetic excitation spectrum and to calculate the magnetic exchange energies and compare the results to the condensation energy, and second, to verify the vicinity of this compound to a quantum critical point. S-type CeCu 2 Si 2 becomes superconducting below T c ≈ 0.6 K and shows an upper critical magnetic field B c2 ≈ 1.7 T necessary to suppress superconductivity. No long-range antiferromagnetic order has been detected in Stype CeCu 2 Si 2 .
Energy scans have been recorded at the antiferromagnetic wave vector Q (in the vicinity of (002)) in the normal and superconducting states of S-type CeCu 2 Si 2 , as displayed in Fig. 6(a) . 75 Here, measurements in the superconducting state were performed in zero magnetic field at T = 0.07 K, i.e., well below T c , while the normal state has been generated by applying an overcritical magnetic field (B = 2 T) at lowest temperatures. The response consists of a strong, incoherent elastic signal and the magnetic response. The magnetic fluctuations in the normal state are quasielastic and can be well described by a simple Lorentzian line multiplied by the Bose factor (dashed line). It should be noted that irrespective of how the normal state was approached, i.e., either by application of a magnetic field or by increasing the temperature above T c , the magnetic response turns out to be quasielastic. In contrast, the response in the superconducting state appears to be gapped, and spectral weight is transferred from low energies to energies above the spin excitation gap which attains a value of ω gap ≈ 0.2 meV at T = 0.07 K. This corresponds to ω gap ≈ 3.9 k B T c and is roughly 10% smaller than the value predicted for a weak-coupling d-wave superconductor 77 and about 20% below 5 k B T c as inferred from Cu-NQR measurements. 78, 79 With increasing temperature the spin gap becomes smaller and closes at T c .
The wave vector dependence of the magnetic response in the superconducting state is displayed in Fig. 6(b) . 75 The spin excitations around the antiferromagnetic wave vector Q are part of an overdamped dispersive mode with a mode velocity being more than an order of magnitude smaller than the renormalized Fermi velocity. 80 This indicates a clear retardation in the interactions between the spin excitations and the heavy quasiparticles. 75 With this detailed knowledge of the energy and momentum dependence of the spin excitations in S-type CeCu 2 Si 2 , the difference in magnetic exchange energy between the superconducting and the normal state could be calculated. 75 The gain in exchange energy as described in section 6 is larger roughly by a factor of 20 than the condensation energy. 75 This implies that the spin excitations are the driving force for superconductivity in CeCu 2 Si 2 . It also implies that there is a large loss of kinetic energy, that can be interpreted as the result of Mott-like physics associated with the Kondo effect.
To be able to study the spin fluctuations in the normal state of CeCu 2 Si 2 when tuning the system towards the quantum critical point, superconductivity was suppressed in a magnetic field B = 1.7 T (≈ B c2 ). At higher temperature the magnetic response at the ordering wave vector Q remains quasielastic, but broadens and decreases in intensity. 76 Conversely, the magnetic response displays a pronounced slowing down for T → 0. The temperature dependence of the spin fluctuations and their scaling behavior are in line with the expectations for a three-dimensional spin-density-wave quantum critical point.
Valence instability
In close analogy to the Berk-Schrieffer paramagnon scenario of magnetically mediated superconductivity, it has been argued that density fluctuations may induce Cooper pairing. [81] [82] [83] Near, e.g., charge-density-wave (CDW) instabilities, density-density fluctuations are expected to be large and the associated charge susceptibility will be enhanced. 83 Near an abrupt change of the unit-cell volume without changing the crystal symmetry ("Kondo-volume collapse"), which is typically of first order, the associated charge susceptibility remains finite but increases with closer proximity to the critical endpoint. A first order valence instability is known to occur in cerium-based heavy fermions as well as in elemental cerium where the 4f electron delocalized towards the highpressure side. The first direct indications for a valence transition in CeCu 2 Si 2 under pressure come from L III x-ray absorption spectroscopy. 84, 85 In elemental cerium, the critical endpoint occurs at very high temperatures. In contrast, in the series CeCu 2 (Si 1−x Ge x ) 2 (x = 0.01, 0.05, 0.1) and CeCu 2 Si 2 the critical endpoint is shifted down to 10−20 K, opening the way for sufficiently large density-density fluctuations to drive superconductivity. 86 The hallmark of this quantum phase transition in CeCu 2 (Si 1−x Ge x ) 2 at a pressure of around 4 GPa is the linear-in-temperature resistivity that appears to be disorder independent and the colossal pressure dependence of the residual resistivity close to the transition. 86 Heat capacity and electrical resistivity under pressure in CeCu 2 Si 2 point to p * c ≈ 4.5 GPa as the pressure where the first-order quantum phase transition occurs. 87 Near this pressure, the ground state of the series CeCu 2 (Si 1−x Ge x ) 2 (x = 0, 0.01, 0.05, 0.1) is superconducting and at p c an increased jump of the specific heat has been observed. 87 X-ray diffraction under pressure and at 10 K has established that in CeCu 2 Ge 2 an anomalous volume contraction occurs at a pressure around 15 GPa which is close to the pressure where T c is maximal (≈ 16 GPa). 88 The enormous enhancement of the residual resistivity around the pressure of the valence transition together with the linearin-temperature behavior of the resistivity are strong indications that the superconductivity in proximity to p * c is driven by nearly critical valence fluctuations. 87 Miyake and coworkers have considered a microscopic model that includes the Coulomb interaction between the 4f-electron and the itinerant electrons. 82 Based on a slave boson calculation in the large-N limit (N being the spin degeneracy) and Gaussian fluctuations around the saddle point, it was shown that a superconducting pairing interaction ensues which is almost constant in momentum space. This is in line with expectations for a valence transition which leaves the crystal structure invariant. For a recent review on the effects of valence fluctuations in Ce-and Yb-based heavy fermion systems, see. 89 As a result, the series CeCu 2 (Si 1−x Ge x ) 2 (x = 0, . . . , 1) is characterized by two superconducting phases of different origin (cf. Fig. 4 ). Near the antiferromagnetic quantum critical point, superconductivity is magnetically driven whereas the superconducting phase near the valence transition seems to be mediated by local density fluctuations. The two superconducting domes are merged in pure CeCu 2 Si 2 and CeCu 2 Ge 2 yielding one extended pressure range where superconductivity is found, they have been separated into two superconducting regions in Ge-doped CeCu 2 (Si 1−x Ge x ) 2 .
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Order parameter symmetry For electronically driven superconductors, a standard swave order parameter is not favored since the pairing potential shows strong momentum dependence across the Fermi surface. All 122 superconductors discovered so far are evenparity superconductors and the most likely order parameter symmetry is d-wave. CeCu 2 Si 2 is so far the only 122 system where the order parameter symmetry has been investigated in detail. Heat capacity measurements performed above T c /2 suggested that the superconducting pairing symmetry changes with pressure from d x 2 −y 2 in A/S-type CeCu 2 Si 2 to d xy in the valence driven superconducting phase. 90 Heat-capacity measurements on S-type CeCu 2 Si 2 were inconclusive. 75 At temperatures right below T c , they also point to a d x 2 −y 2 order parameter. As one lowers the temperature further, the data are more compatible with d xy as the pairing symmetry. In a recent experiment on S-type CeCu 2 Si 2 , angle resolved H c2 measurements were performed which clearly point to a d xy symmetry of the superconducting order parameter. 91 The spin fluctuation spectrum of superconducting S-type CeCu 2 Si 2 near the critical pressure has been investigated in detail. 75 The opening of the superconducting gap is accompanied by an enhancement of the spin fluctuations, see Fig. 6(a) . This is unlike the sharp spin resonance seen in, e.g., CeCoIn 5 or the cuprates.
The 93 For CeCoIn 5 , however, a different interpretation of the spin resonance has been made by considering the strongly three-dimensional character of the Fermi surface. 94 5. Superconductivity, magnetism and hidden order in URu 2 Si 2 One of the early discovered heavy-fermion superconductors is URu 2 Si 2 , 95, 96 with T c ≈ 1.5 K -substantially higher than T c of its then known Ce-and U-based counterparts CeCu 2 Si 2 (T c = 0.6 K), UBe 13 (T c ≈ 0.9 K) and UPt 3 (T c ≈ 0.5 K). In URu 2 Si 2 , superconductivity forms well below T 0 = 17.5 K, signaling a second-order phase transition, with a large mean-field type phase transition anomaly in the specific heat. [96] [97] [98] From the exponential temperature dependence of the specific heat at T < T 0 , the opening of a gap ∆ ≈ 0.1 meV in the single-electron excitations was inferred. In addition, very different values for the Sommerfeld coefficient of the electronic specific heat have been estimated (as T → 0) above and below T 0 , i.e., γ ≈ 180 and 70 mJ/K 2 mol, respectively. This led to the assumption of (i) a removal of approximately 60% of the renormalized Fermi surface 98 and, taking into account also the "Cr-type" shape of γ(T ) near T 0 , 95, 98 (ii) the formation of antiferromagnetic (spin-densitywave) order at T ≤ T 0 . However, in proportion to the very large removal of entropy associated with the continuous phase transition at T 0 , the ordered moment found by neutron diffraction was much too small: µord ≈ 0.03 µ B /U. 99 A number of theoretical proposals concerning the nature of the ordered low-temperature phase of URu 2 Si 2 appeared during the last two decades, e.g., singlet magnetism, 100 multipole 101-103 or orbital ordering, 104 charge-density wave coupled to some antiferromagnetic order 105 as well as helical spin order. 106 It is fair to say that the nature of this phase is still unknown today, and it is commonly called "hidden order". Of course, this is a misnomer, as this phase is not hidden but of a nature that could not yet be resolved.
Inelastic neutron scattering results 99, 107 indicate the existence of gapless overdamped in-plane magnetic excitations at the incommensurate wave vector Q * = (1 ± 0.4, 0, 0) which become gapped ( ω gap ≈ 4 meV) and remain well defined (up to ≈ 10 meV) below T 0 . Similar spin dynamics has been observed earlier for the prototypical spin-density-wave metal Cr. 108 Angle-resolved photoemission measurements 109 on the other hand, revealed a light band which crosses E F near (0, 0, ±0.3) as well as (±0.3, 0, 0) above T 0 = 17.5 K, and transforms into a heavy band below T 0 . In addition, magnetic excitations at a commensurate wave vector Q 0 = (1, 0, 0) were observed which form a gap of ≈ 1.6 meV below T 0 . 99, 107 High-resolution scanning tunneling microscopy/spectroscopy studies 110, 111 revealed asymmetric Fano-type resonances, which typically arise in Kondo systems. They show the same periodicity as the U lattice and develop a gap below T 0 . This gap feature is described by a mean-field-type order parameter of the hidden order phase in Ref.
. 111 In Ref. , 110 on the other hand, it is related, via imaging heavy-quasiparticle interference, to a rapid splitting of a light band into two new heavy-fermion bands, as was predicted. 112, 113 Recent magnetic torque measurements under rotation of the magnetic field within the basal plane revealed above T c . It is worthwhile to point out that a similar observation was made at ambient pressure on assumed excellent crystals ͑see Refs. 40 and 41͒. Furthermore, due to the observation of the anomaly of the transition to the LMAF state at T x ͑P͒ the temperature range of the validity of this expression is just above P x very small.
A power law exponent x smaller than 2 is required to represent the data in the temperature range just above T c . If a parametrization with a generalized power law = 0 + A x T x is chosen in the temperature range from T c up to 2.75 K, the exponent x of the power law has a deep minimum with x = 1.4 just at P x = 0.5 GPa ͓Fig. 9͑c͔͒. The observation that the power law may change drastically in the vicinity of a firstorder phase transition at least in a restricted temperature range has been pointed out recently for MnSi ͑Ref. 42͒ and CeRh 2 Si 2 ͑Ref. 43͒. If SC would not appear, a T 2 dependence of the resistivity would presumably be obeyed only at very low temperature; its failure in an intermediate temperature range may be caused by multiband effect and the importance of the magnetic contributions.
The phase diagram obtained from the resistivity and ac specific heat measurements is shown in Fig. 10 . T N ͑P͒ seems to be the continuation of the T x ͑P͒ line. At low pressure, T 0 ͑P͒ varies linearly with the slope ‫ץ‬T / ‫ץ‬P = 1.01 K / GPa in good agreement with the variation predicted from thermal expansion 44 and specific heat measurement via the Ehrenfest relation. To point out the contribution at T x in the specific heat, the electronic and magnetic contribution C / T − BT 2 is represented in Fig. 11 at 1 an in-plane anisotropy of the magnetic susceptibility below T 0 . 114 The four-fold rotational symmetry of the tetragonal ThCr 2 Si 2 structure is spontaneously broken at T 0 as reflected by two-fold oscillations of the magnetic torque under inplane rotation of the field. These observations suggest that the hidden order phase is an electronic "nematic" phase, i.e., a metallic phase with translational symmetry preserved but spontaneously broken rotational symmetry, as discovered earlier for, e.g., Sr 3 Ru 2 O 7 . 115 The hidden-order gap is the subject of a recent first-principle theoretical treatment, 116 in which a 5 f 2 (U 4+ ) configuration with CEF splitting is assumed. Here, the hidden order was described by a multichannel Kondo effect which becomes arrested upon cooling to below T 0 = 17.5 K. However, at present, no experimental evidence for CEF splitting has been reported for this compound with T K ≈ 60 K. 117 More generally, the action of the Kondo effect in U-based heavy fermions is conceptually debated, 118, 119 mainly because of the more delocalized character of the 5 f electrons compared to the 4 f electrons. In short, the hidden order phase remains enigmatic.
As displayed in Fig. 7 at finite pressure, hidden order becomes replaced by strong antiferromagnetic order (µ ord ≈ 0.4 µ B ) with wave vector Q 0 = (1, 0, 0), 120 and the boundary between these two phases was found to stretch from p c ≈ 0.5 GPa (as T → 0) to a (possible) tricritical point (≈ 1.2 GPa, ≈ 18 K). 120 The "weak" antiferromagnetic order, which seems to occur within the hidden order phase, is most likely due to static antiferromagnetically ordered regions that exist in a small part of the sample, phase separated from the surrounding hidden order region. 121 Thus, d-wave superconductivity 122, 123 seems to microscopically coexist with the hidden order but not with antiferromagnetism. 121 
Theoretical considerations
The interplay between quantum criticality and superconductivity is of interest to a variety of strongly correlated systems. For antiferromagnetic heavy fermion metals, studies in recent years on the Kondo lattice models have revealed two types of quantum critical points. One is a spin-density-wave quantum critical point, [124] [125] [126] where the Kondo effect remains intact and the critical modes are fluctuations of the antifer- romagnetic order parameter. The other one is the local quantum critical point, 127, 128 where the Kondo effect breaks down. These are described in terms of a Kondo-breakdown energy scale, E * loc , which remains nonzero at a spin-density-wave quantum critical point but vanishes at the local quantum critical point. Fig. 8 illustrates the phase diagrams in the temperaturecontrol parameter space. The control parameter is specified in terms of the ratio of the Kondo temperature to the RKKY interaction, defined for a Kondo lattice Hamiltonian,
It contains a conduction-electron band, c iσ , whose hopping matrix t i j specifies a band dispersion ε k . The spins of the conduction electrons, s c,i = (1/2)c † i σc i , are coupled to the spin of the local moment, S i , via an antiferromagnetic Kondo exchange interaction J K . The corresponding bare Kondo tem-
, where ρ 0 is the conduction electron density of states at the Fermi energy. Finally, the antiferromagnetic RKKY interaction has the typical scale I. When δ = T 0 K /I is large, the Kondo interaction drives the formation of Kondo singlets between the local moments and conduction electrons. At high temperatures, the system is in a fully incoherent regime with the local moments weakly coupled to conduction electrons. Going below the scale T 0 , the initial screening of the local moments starts to set in. Eventually, at temperatures below a Fermi-liquid scale, T FL , the heavy quasiparticles are fully developed. Decreasing δ enhances the tendency of antiferromagnetic correlations. When the RKKY interaction among the local moments becomes larger than the Kondo interaction, the system is expected to develop antiferromagnetic order. An antiferromagnetic quantum critical point is then to be expected when δ = T 0 K /I reaches some critical value δ c . At δ < δ c , the antiferromagnetic order will develop as the temperature is lowered through the antiferromagnetic-ordering line, T N (δ).
In addition, the RKKY interactions will eventually lead to the suppression of the Kondo singlets. Qualitatively, RKKY interactions promote singlet formation among the local moments, thereby reducing the tendency of singlet formation between the local moments and conduction electrons. This will define an energy (E * loc ) or temperature (T * ) scale, describing the breakdown of the Kondo effect. The T * line represents a crossover at finite temperatures, but turns into a sharp transition at zero temperature. The notion of Kondo breakdown in quantum critical heavy fermions was introduced in the theory of local quantum criticality 127, 128 and also appeared in subsequent work. 129, 130 The Kondo breakdown effect is alternatively referred to as a Mott localization of the f -electrons.
For a spin-density-wave quantum critical point in heavy fermions, quantum criticality at asymptotically low energies is described in terms of order-parameter fluctuations. These are the antiferromagnetic spin fluctuations, which have been proposed to serve as a glue for superconductivity. 131, 132 There have been indirect indications that E * loc is nonzero in CeCu 2 Si 2 . The low temperature/energy properties have been shown to be compatible with the three-dimensional spindensity-wave quantum criticality. These include the temperature dependences of the specific heat and electrical resistivity, 56 as well as dynamical spin susceptibility. 76 The effect of quantum criticality on superconductivity was recently studied in a quantitative way. The lowering of the magnetic exchange energy in the superconducting state is determined from the measured dynamical spin susceptibility in the normal and superconducting states: 133, 134 
where <> denotes an average over the first Brillouin zone, and χ S /N is the spin susceptibility summed over its three components. This is found to be larger than the superconducting condensation energy,
defined as the difference in internal energy between the (putative) normal and the superconducting states at T=0. As an immediate consequence, the antiferromagnetic excitations are seen as the primary driving force for superconductivity in CeCu 2 Si 2 . The analysis, however, reveals something more. It is found that ∆E x is about 20 times of ∆E C , implying a large kinetic energy loss, about 19 times of ∆E C . We can discuss the origin of this effect by recognizing that kinetic energy in Kondo-lattice systems is primarily associated with the Kondo effect. As superconducting pairing in CeCu 2 Si 2 occurs in the spin-singlet channel, the opening of the superconducting gap weakens the Kondo-singlet formation and, by extension, reduces the spectral weight of the Kondo resonance at low energies. The latter implies that, going into the superconducting state, single- electron spectral weight will be transferred from low energies to above the Kondo-breakdown scale E * loc . This is illustrated in Fig. 9 .
The case for superconductivity near a local quantum critical point is best made in the compound CeRhIn 5 . Quantumoscillation measurements show that the pressure-induced antiferromagnetic to non-magnetic quantum critical point involves a sudden reconstruction of the Fermi surface, 135 from small (f-electrons localized) to large (f-electrons delocalized). At the transition, the cyclotron mass, derived from de Haasvan Alphen measurements, shows a tendency of divergence; the latter is further supported by a strong increase of the Acoefficient of the T 2 term in the resistivity as the quantum critical point is approached. 136 All these provide evidence that the antiferromagnetic transition is locally quantum critical, involving a Kondo breakdown. Near this quantum critical point, superconductivity appears with a large T c ≈ 2.2 K. CeRhIn 5 is, therefore, a prime candidate of superconductivity associated with a local quantum criticality.
Conclusions and Perspectives
We have reviewed the occurrence of heavy-fermion superconductivity in the Ce-based 122 systems and URu 2 Si 2 . The former materials may be divided into the local-moment, heavy-fermion antiferromagnets CeCu 2 Ge 2 , CeRu 2 Si 2 , and CePd 2 Si 2 with T N /T K ≈ 1, which are pressure-induced superconductors, and the itinerant systems CeNi 2 Ge 2 and CeCu 2 Si 2 with T N /T K 1. 137 The latter compounds are superconductors already at ambient pressure.
We have summarized the evidence for the spin-densitywave nature of the antiferromagnetic quantum critical point in the normal state of CeCu 2 Si 2 , and for the d-wave symmetry of the superconductivity near its antiferromagnetic quantum critical point. At the same time, the lowering of the magnetic exchange energy associated with the superconductivity by far exceeds the superconducting condensation energy. This is unexpected based on spin fluctuations alone, and can be naturally interpreted in terms of a transfer of single-electron spectral weight to energies above a possible Kondo-breakdown T * scale and all the way to the 4f-electron Coulomb interaction scale. It would be very instructive to search for such a T * scale in CeCu 2 Si 2 . Furthermore, neutron scattering measurements under pressure in other heavy fermion materials displaying a potential spin-density-wave quantum critical point under pressure, such as CePd 2 Si 2 , would be invaluable.
At the same time, CeRhIn 5 under pressure is one concrete example in which evidence exists for unconventional superconductivity in the vicinity of a Kondo-breakdown local quantum critical point. It will be highly desirable to identify further examples of unconventional superconductors in this category.
Unconventional heavy-fermion superconductivity also occurs in the vicinity of other types of quantum phase transitions. We have provided examples that involve first-order antiferromagnetic transitions, first-order valence transitions as well as the enigmatic case of URu 2 Si 2 . Here, d-wave superconductivity with broken time-reversal symmetry occurs near an antiferromagnetic quantum phase transition at nonzero pressure, 122, 123 raising the possibility for the relevance of antiferromagnetic order to superconductivity. However, T c appears to diminish on approach to the antiferromagnetic order, and is nonzero only in the presence of the hidden order (cf. Fig. 7 ). This raises the alternative possibility that the superconductivity is driven by the hidden order. This is an important issue worthy of clarifying.
New measurement techniques continue to become available to study heavy-fermion materials. A particular example is the scanning tunneling microscopy/spectroscopy, which has been used to study the hidden-order phase in URu 2 Si 2 110, 111 and the emergence of the local Kondo screening and the concomitant onset of lattice coherence in YbRh 2 Si 2 . 138 Extending these studies to below T c as well as to the low-temperature quantum critical regime promises to shed considerable new light on the heavy-fermion physics. Along similar lines, it will be important to develop low-temperature, high-resolution angle-resolved photoemission techniques, which should lead to much new understandings of the normal and superconducting properties of heavy-fermion materials.
Theoretical studies of superconductivity in heavy-fermion metals benefits from the existence of well-defined Hamiltonians to describe the low-energy physics of these materials. These are the Kondo-lattice Hamiltonian or, more generally, the Anderson-lattice Hamiltonian. This has been important in several regards. It has allowed systematic studies on the heavy-fermion quantum criticality. It has also allowed a detailed analysis of the lowering of the exchange energy in the superconducting state of CeCu 2 Si 2 .
More broadly, heavy-fermion compounds represent a prototype case of unconventional superconductors. There are several other families of superconductors which are also located in close proximity to magnetism. A prototypical example are the iron pnictides and chalcogenides. 139, 140 Moreover, the parent iron pnictides are bad metals with a strong correlationinduced kinetic energy suppression, 141 and the parent 122 iron selenides are Mott insulators. 142 Taken together, these properties suggest that the interplay between magnetism, electron localization, and unconventional superconductivity also plays a central role in these new high T c superconductors.
